To investigate associations of body composition assessed by bioimpedance analysis and anthropometric indicators of fat repartition with carotid structure and function. DESIGN: Cross-sectional epidemiological study. SUBJECTS: A total of 1014 middle-aged apparently healthy adults participating in the SU.VI.MAX study. MEASUREMENTS: Body composition (fat mass, fat-free mass) was assessed by bioimpedance analysis and anthropometric indicators of fat repartition (waist circumference (WC); waist-hip-ratio (WHR)) were simultaneously collected. Carotid ultrasound examination included measurements of intima-media thickness (IMT) at the common carotid arteries (CCA) and assessment of atherosclerotic plaques in extracranial carotid arteries. Carotid-femoral pulse-wave velocity (PWV) was used as a marker of aortic stiffness. RESULTS: In multivariate analyses adjusted for major known cardiovascular risk factors in addition to age, gender and height, fat-free mass, fat mass (FM), and WC were positively associated with CCA-IMT and lumen diameter. No significant association was found with occurrence of carotid plaques. PWV was only associated with WC. Associations of CCA-IMT and PWV with WC were not significant anymore after further adjustment on body mass index (BMI) or FM. CONCLUSION: WC was the only measurement positively associated with both early atherosclerosis markers such as CCA-IMT and arterial stiffness. Although this association depends on overall adiposity, as assessed by the BMI, it emphasizes the importance of WC in clinical practice and prevention programs as a screening tool for individuals at risk for cardiovascular disease.
Introduction
Obesity, defined as increased body mass index (BMI), is recognized as an important risk factor for cardiovascular events resulting from atherosclerosis progression. 1 For a better understanding of the relationship between increased BMI and cardiovascular disease, there is increasing recognition of the relevance of both the composition of body mass (fat mass (FM) and fat-free mass (FFM)) and the anatomical distribution of body fat. 2, 3 A large body of evidence documents that abdominal fat accumulation, as assessed by anthropometric indicators such as waist circumference (WC) or waist-hip ratio (WHR), is positively associated with occurrence of cardiovascular events. 4 It is generally thought that intra-abdominally located (or visceral) fat represents the critical adipose depot in this relationship. 5 However, the contribution of body composition and fat repartition to intermediate atherosclerosis end points is still not well defined. 5, 6 Concerning carotid structure, intima-media thickness (IMT), lumen diameter and focal atherosclerosis (plaques) can be visualized and assessed by high-resolution B-mode ultrasound, a noninvasive, valid and reproducible method. 7 Several previous studies have shown positive associations between BMI and IMT. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Relationships between FM and FFM with IMT were assessed in only one recent study with inconclusive results. 15 Positive associations between WC or WHR and IMT have been observed in some but not all studies. 10, 12, 14, 18, 26 The association between FM or FFM with plaque occurrence has never been assessed previously.
Concerning large arteries function, measurement of carotid femoral pulse-wave velocity (PWV) is used as a reproducible index of large artery elasticity and stiffness: high velocity is a marker of elevated rigidity of the vascular wall and low distensibility. 27 PWV has recently been shown to be a predictor of all-cause and cardiovascular mortality in hypertensive subjects or in end-stage renal disease patients. 28, 29 Compared with IMT, there are fewer studies that have investigated relationships between BMI or fat repartition indicators and PWV. 15, 21, [30] [31] [32] Recently, total trunk fat 33 has been found to be adversely associated with
PWV.
The aim of this study was to test which of several body composition and fat repartition indicators was best associated with both structure (IMT, lumen diameter or plaques) and function (PWV) of large arteries, simultaneously assessed in a large sample of apparently healthy middle-aged French subjects.
Subjects and methods

Subjects
Subjects were participants in the SU.VI.MAX ('SUpplémenta-tion en VItamines et Minéraux AntioXydants') study, a randomized double-blind, placebo-controlled, primary prevention trial initially designed to test the efficacy of a daily supplementation with antioxidant vitamins (E, C, and betacarotene) and minerals (selenium and zinc) at nutritional doses, in reducing the incidence of cardiovascular disease and cancer. 34, 35 All 13 017 subjects included between
October 1994 and May 1995, with a planned follow-up of 8 y, signed an informed consent form to the study approved by the ethical committee of the University Hospital ParisCochin. Participants underwent a yearly visit with every other year, either blood sampling (from 1994) or clinical examination (from 1996) up to 2001-2002, at which time clinical and biological examinations were performed simultaneously. At this last examination, a specific protocol was designed to assess concurrently carotid arterial parameters, aortic stiffness, body composition (by bio-impedance analysis, BIA) and anthropometric indicators of fat repartition. These measurements were performed between January and July 2002 in 1208 subjects participating in the SU.VI.MAX trial, aged more than 50 y in 2002, and living in the Paris (France) area. For logistic reasons, BIA measurements were not available at the beginning of this specific study, and were therefore not performed in 194 of the 1208 subjects examined. Analyses were then conducted on data from 1014 subjects (504 men, 510 women).
Anthropometric and bio-impedance measurements Body weight and body composition were measured using the Tanita TBF-300 (Tanita Corp., Tokyo, Japan) BIA device with subjects in indoor clothing and no shoes, following the manufacturer's instructions. With this device, measurements were performed in a standing position, through two footpad electrodes in contact with soles and heels on both feet. Biological impedance is measured with four terminals. A 0.8 mA current with a 50 kHz frequency is applied via source electrodes on both soles, and the voltage drop is compared with heel electrodes. In-built scales measure body weight at the same time. Total FM (in kg) is determined by the software using a proprietary equation developed by the manufacturer, and percent body fat (%BF) is calculated as FM (kg) divided by body weight (kg). Height was measured to the nearest 0.5 cm with a wall-mounted stadiometer and BMI (kg/m 2 ) was calculated as weight (measured by BIA) divided by height squared. Using an inelastic tape, WC was measured as the circumference midway between lower ribs and iliac crests, and hip circumference (HC) was measured as the largest circumference between waist and thighs, both in standing position. WHR was calculated.
Blood pressure measurements
Blood pressure was measured with a digital electronic tensiometer (model CP750, Omron). After a 20-min rest period, systolic and diastolic blood pressure (SBP and DBP, respectively) were measured in a supine position, twice at a 10-min interval, and the average of the two measurements was used in the analyses. Mean arterial pressure was calculated as: (DBP) þ (SBP-DBP)/3. Subjects who reported using antihypertensive drugs or subjects who had SBP Z140 mmHg and/or DBP Z90 mmHg were considered as hypertensive.
Smoking status and alcohol intake Data on smoking status was obtained from a questionnaire for this specific study and was coded into three categories: smokers, nonsmokers or exsmokers. Alcohol intake (g/day) was estimated from a validated semiquantitative questionnaire about current intake at inclusion (1994) (1995) . 36 
Biological measurements
Venous blood samples were obtained in Vacutainer tubes (Becton Dickinson, France) from subjects who had been fasting for 12 h. Fasting glucose and total cholesterol were measured by an enzymatic method (Technicon DAX, France). Diabetes mellitus was defined as fasting glucose Z7 mmol/l (126 mg/dl), clinical history and/or use of Waist circumference and early atherosclerosis markers S Czernichow et al antidiabetic drugs or insulin, and hypercholesterolemia as total cholesterol Z6.2 mmol/l (240 mg/dl) and/or use of lipid-lowering drugs.
Carotid measurements
Carotid ultrasound examination. Ultrasound examinations were performed using the Aloka SSD-650, with a transducer frequency of 7.5 MHz. This system provides an axial resolution of 0.30 mm. Acquisition, processing and storage of B-mode images were computer-assisted with the new version of a software that was previously described (M'ATHS). 37 Two technicians who underwent a training program of 2 months collected ultrasound data. Consistency, efficiency and accuracy in performance were required to obtain certification. The protocol, which was similar to that applied in the Aging Vascular Study (EVA Study), 38, 39 involved scanning of the common carotid arteries (CCA), the carotid bifurcation and the origin (first 2 cm) of the internal carotid arteries. The near and far walls of these arterial segments were scanned longitudinally and transversally to assess, at the time of the examination, the presence of plaques. The presence of plaques was defined as localized echostructures encroaching upon the vessel lumen for which the distance between the media-adventitia interface and the internal side of the lesion was Z1 mm.
One experienced sonographer performed all measurements. IMT was measured at a site free of any discrete plaques along a 10-mm-long segment of the far wall of the CCA and measured as the distance between the lumenFintima interface and the media-adventitia interface using an automated edge detection algorithm. A mean of 50 measurements was automatically performed on each image (two images by side) and on each side (left and right). The mean of the six right and left CCA-IMT measurements was used in the analyses. For IMT and lumen diameter measurements, far and near walls of the right and left CCAs 2-3 cm proximal to bifurcation were imaged. For each side, at least three optimal longitudinal images with best visualization of far and near walls were frozen, transferred to a computer (PC, IBM), digitized into 640 Â 580 peak cells with 256 gray levels, and stored for off-line analysis.
Pulse wave velocity. Carotid-femoral PWV was evaluated using two pressure probes. This method with an automatic device (Complior, Colson) has been previously validated. 27 Briefly, two pressure waves were recorded transcutaneously at the base of the neck for the right CCA and over the right femoral artery. PWV was determined as the foot-to-foot velocity. The foot of the pressure wave was identified as the beginning point of the sharp systolic upstroke. Pulse transit time was determined as the average of 10 consecutive beats. The distance traveled by the pulse wave was measured over the body surface as the distance between the two recording sites. Aortic PWV was calculated as the ratio of distance to transit time.
Reproducibility study A reproducibility study was conducted in 80 of our subjects who underwent two ultrasound examinations and two PWV measurements during the same visit (each of the two technicians was blinded to the results of the other). The mean absolute difference, coefficient of variation and intraclass correlation coefficient between repeated examinations of CCA-IMT were, respectively, 0.04 mm, 6.5% and 0.79. For PWV, they were, respectively, 0.4 m/s, 9.8% and 0.75. For carotid plaque, the kappa coefficient for agreement between the two examinations was 0.80.
Statistical analyses
We studied the cross-sectional associations of indicators of body composition (BMI, FM, FFM and %BF) and fat repartition (WC, HC and WHR) with CCA-IMT, CCA-lumen, PWV and carotid plaques. Relationships between indicators of body composition and fat repartition and arterial parameters (CCA-IMT, CCA-lumen and PWV) as continuous variables were studied using linear regression. Multivariate regression coefficients are presented. Associations between indicators of body composition and fat repartition, divided into tertiles, with carotid artery plaque were evaluated by logistic regression analysis. Multivariate-adjusted odds ratios (OR), per one standard deviation increase, are reported with 95% confidence intervals. All statistical analyses were performed using SAS software (SAS Institute, Cary, NC, USA). Statistical significance was judged at a o0.05.
Comparison of subjects excluded because of missing BIA data (n ¼ 194) with those included in the present report (n ¼ 1014) revealed no significant difference in terms of age (P ¼ 0.7), gender (P ¼ 0.9), BMI (P ¼ 0.3), fasting blood glucose (P ¼ 0.8), cholesterol levels (P ¼ 0.3), mean arterial pressure (P ¼ 0.5), CCA-IMT (P ¼ 0.8), CCA-lumen diameter (P ¼ 0.5), PWV (P ¼ 0.7) or in the % of plaque occurrence (P ¼ 0.5).
Results
General characteristics of the subjects are presented in Table 1 . In all 9% of the sample was classified as obese based on a BMI Z30 kg/m 2 . 1 Mean age was 59.474.7 y, ranging from 49.6 to 69.2 y. Mean alcohol intake was similar to other European data. 40 Mean body weight, BMI, FFM, WC, HC and WHR were higher in men compared to women, whereas FM and %BF were higher in women compared to men (Po0.002 for all gender comparisons). Means for CCA-IMT and lumen diameter, PWV, and the percentage of subjects with plaques were higher in men compared to women (Po0.01, for all comparisons).
CCA-IMT and CCA-lumen diameter Linear regression analysis showed significant positive associations between CCA-IMT and all indicators of body Waist circumference and early atherosclerosis markers S Czernichow et al composition (BMI, %BF, FM and FFM), after adjusting for age, gender, mean arterial pressure, smoking status, diabetes, hypercholesterolemia, height and heart rate ( Table 2 ). The strongest associations were found with %BF and BMI. This association was also significant with WC and HC but not with WHR (P ¼ 0.27). Linear regression also showed a significant positive association between lumen diameter and all indicators of body composition and fat repartition, including WHR. After further adjustment on BMI, associations of WC and HC with CCA-IMT and lumen, as between WHR and lumen, were not significant.
Pulse wave velocity
The only significant positive association found was between PWV and WC (P ¼ 0.04), after adjusting for age, gender, mean arterial pressure, smoking status, diabetes, hypercholesterolemia, height and heart rate ( Table 2 ). This association was no more significant after further adjustment on BMI (P ¼ 0.22).
Carotid plaques
Multivariate ORs for carotid plaques occurrence with tertiles of indicators of body composition and fat repartition were all positive but nonsignificant, after the same adjustments as mentioned above were performed (Table 3) . Finally, further adjustment on the allocation group (supplementation vs placebo) did not modify any of the associations described above between body composition or fat repartition indicators with CCA-IMT, lumen diameter, PWV or carotid plaques (data not shown).
Discussion
In this study, we comprehensively assessed body composition and fat repartition in relation with markers of both Waist circumference and early atherosclerosis markers S Czernichow et al structure and function of large arteries including CCA-IMT and lumen, PWV, as well as plaque occurrence. CCA-IMT and CCA-lumen were both positively associated with BMI, FM, FFM, and with WC. No association was evidenced between the presence of carotid plaques and either body composition or fat repartition indicators. The only significant relationship found with PWV was a positive association with WC. The observed positive relationship of BMI with CCA-IMT is in agreement with results of many previous studies. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] This association is usually taken as indirect evidence of a relationship of body fat content with this early atherosclerosis marker. Interestingly, our results show positive associations of both FM and FFM, independent of each other, with CCA-IMT. To our knowledge, there is only one previous report concerning these relationships in a population study. In the Amsterdam Growth and Health Longitudinal Study, 15 no significant association was found crosssectionally between dual-energy X-ray absorptiometry (DEXA)-assessed FM, adjusted for lean body mass, and CCA-IMT. Data for lean body mass itself were, however, not reported and no significant linear relationship was found either with BMI. It should be noted that subjects in this Dutch study were younger than ours, which may have contributed, at least in part, to the differences with our results. Left ventricular mass has been shown to be more strongly related to FFM than to FM. 41 The combined increase in FM and FFM with increasing weight would enhance the need for blood supply in the ventricular wall, resulting in a hyperdynamic circulation with an increase in both intima and media layers (smooth muscle cell proliferation and extracellular matrix increase) and size adaptation of the ventricular wall. 42 As hypothesized, 15 similar hemodynamic adaptations of the arterial wall could help explain the positive association of FM and FFM with CCA-IMT and lumen diameter. In our study, WC but not WHR was positively associated with IMT. Positive associations between WC and IMT have been observed in some 8, 10, 26 but not all 9, 15, 18 studies.
Positive associations with WHR have also been previously reported. 12, 14, 18, 26 An important point to consider when examining the differential associations found in this study with WC and WHR is that each of these indicators provides a different type of information about the regional distribution of adiposity. 43 WHR is usually viewed as an indicator of upper vs lower adiposity whereas WC more specifically reflects abdominal fat accumulation. However, as a ratio, WHR is difficult to interpret biologically, especially since the hip component reflects not only fat but also muscle mass at the gluteal level. 43 WC has been shown to be more strongly correlated to visceral fat assessed by imaging techniques than WHR. 44 Another anthropometric indicator of abdominal visceral fat such as the sagittal/transverse ratio was shown to be positively associated with IMT. 23 Few studies have assessed the associations between IMT and direct measurements of abdominal fat compartments (intra-abdominal, subcutaneous) by CT-scanning 26 or total trunk fat by DEXA. 15 Among Japanese men, 26 CT-assessed intra-abdominal and subcutaneous fat were both positively associated with IMT. However, after adjustment on BMI, these associations were no longer significant. In agreement with these data, we found that WC adjusted either for BMI or FM was not related to IMT. Although overadjustment may be possible, this supports the notion that abdominal adiposity would not be related to IMT independent of general adiposity.
In our study, PWV was only positively associated with WC, and this association was dependent on BMI. WC was positively associated with PWV in one 32 of two 15,32 previous cross-sectional studies, and WC was shown to be a predictor of PWV increase in one cohort study. 30 A recent report 33 documented a deleterious effect of DEXA-assessed trunk fat on large arteries stiffness, whereas peripheral fat and lean mass showed, to some extent, a protective effect. In the Health-ABC study, 45 PWV was significantly associated with CT-measured visceral fat, even after taking into account body weight. Interestingly, in a previous report from the Amsterdam Growth and Health Longitudinal Study, a significant negative association had been evidenced between FFM and PWV. 15 In the present study, whereas a trend was found for a positive association between PWV and FM, there was also a trend for a negative, although nonsignificant, association between FFM and PWV. It could be hypothesized that this latter association with arterial stiffness could be mediated by the long-term beneficial effect of physical activity that may increase global FFM and is negatively associated with cardiovascular risk. 30 Physiopathological processes linking abdominal adiposity to arterial stiffness are largely unknown. A widely accepted concept is that both anatomical and metabolic properties of intra-abdominal fat explain the relationships of this specific fat depot with atherosclerosis. Visceral adipocytes are known to have a high lipolytic activity resulting in an increased free fatty acids (FFA) release in the portal vein. Accumulation of FFA in the liver, pancreas and muscles contributes to insulin resistance. Other mechanisms could be involved such as increases in circulating proinflammatory cytokines or leptin. 46, 47 In contrast to IMT and PWV, we did not find any relationship between markers of body composition or fat repartition and the presence of carotid plaques. Plaque occurrence can be regarded as a later development than arterial stiffness in the atherosclerosis process, and this could help explain the lack of association in a population of apparently healthy subjects. The absence of an association between BMI and the prevalence and/or progression of carotid atherosclerotic plaques has been reported in other population-based studies. 38, 48 Only one longitudinal study has reported a positive association between baseline WC and 4-year increase in plaque occurrence. 18 It should be noted that we used a methodological approach for carotid imaging that clearly differentiates between diffuse intima-media Waist circumference and early atherosclerosis markers S Czernichow et al thickening and plaque. The IMT was assessed on a segment free of any focal atherosclerotic lesions. In the EVA study, the two types of lesions were inter-related. 38 Our study is limited by its cross-sectional design, which does not enable to draw causal relationships. In addition, this study was based on a sample with a low prevalence of obesity (compared to current US figures) and with a majority of apparently healthy subjects. Obesity rates in this study were, however, in accordance with data from recent surveys in representative samples of the French population. 49 It should be noted that FM and FFM were measured using BIA, a method not considered as a 'gold standard' for body composition assessment, but one of the few feasible in largescale epidemiological studies. 34, 35 Even if there is a lack of standardized equation to estimate FFM based on impedance measurements, it has been shown that BIA was a good predictor of DEXA-derived FFM. 50 Among the strengths of our study, a large set of vascular parameters was carefully assessed and satisfactory results were obtained in the reproducibility study. In addition, the percentage of carotid plaques and the distributions of CCA-IMT and PWV were comparable to those reported in other French populations with similar age ranges. 51, 52 In conclusion, this study shows the differential association of body composition and fat repartition indicators with structure and function of large arteries in a large population. WC stands as the only measurement positively associated with both early atherosclerosis and arterial stiffness. Although this association depends on overall adiposity, as assessed by the BMI, it emphasizes the importance of WC in clinical practice and prevention programs as a screening tool for individuals at risk for cardiovascular disease.
